T follicular helper (Tfh) cells represent a Th subset engaged in the help of B-cell responses in germinal centers (GCs). Tfh cells abundantly express the transcription repressor B-cell lymphoma 6 (Bcl6), a factor that is necessary and sufficient for their development in vivo. Whether Tfh or Tfh-committed cells are involved in the help of B cells outside GCs remains unclear, particularly in humans. In this study, we identified a previously undefined BCL6-expressing CD4 + T-cell subset in human tonsils. This subset expressed IL-7 receptor and chemokine receptor 5 (CXCR5) and inducible costimulator (ICOS) at low levels (CXCR5 (1) , typically at the border of the T-cell zone and primary B-cell follicles (2) . This interaction initiates the B-cell differentiation process to two different paths: extrafollicular plasma cells and cells forming germinal centers (GCs) (3) (4) (5) . Extrafollicular plasma cells contribute to the early generation of specific antibodies after antigen challenge (6) . GC-B cells subsequently differentiate into either high-affinity long-lived plasma cells or memory B cells after an extensive selection step (7, 8) , and thus, they are central in the generation of B-cell memory.
T follicular helper (Tfh) cells have been recently established as a Th subset specialized for the help of B cells in GCs (9, 10) . Whereas no specific markers are available to distinguish Tfh cells from other canonical Th subsets such as Th1, Th2, and Th17 cells, several molecules associated with the biological properties of Tfh cells are used for their identification. The chemokine (CXC) receptor 5 (CXCR5) expressed by Tfh cells (11) (12) (13) (14) guides their migration into B-cell follicles in response to the ligand CXCL13 secreted by follicular dendritic cells (15) . Tfh cells express programmed death-1 (PD-1), which was shown to play a role in the selection of high-affinity B cells in GCs (16) . Inducible costimulator (ICOS) is also expressed by Tfh cells in human tonsils at high density (14) . ICOS is critical for the development (17, 18) and functions (19, 20) of Tfh cells in both humans and mice. Studies in mice showed that overexpression of ICOS leads to the substantial increase of GC formation associated with exaggerated Tfh responses (21) , which directly induce autoimmunity (22) . Tfh cells also express other molecules required for interactions with B cells, including CD40 ligand (CD40L), CD84 (23) , and signaling lymphocyte activation molecule-associated protein (9) . Compared with other canonical Th subsets, Tfh cells secrete larger amounts of IL-21 (24, 25) , a γc-family cytokine that strongly promotes the growth, differentiation, and class switching of B cells (26) (27) (28) (29) (30) (31) . Tfh cells express large amounts of the transcription repressor B-cell lymphoma 6 (Bcl6) (25) . Mouse studies indicate that Bcl6 positively regulates the generation of Tfh cells in vivo (32) (33) (34) . In contrast, B lymphocyte-induced maturation protein 1 (Blimp-1), a transcription repressor that inhibits the function of Bcl6, negatively regulates Tfh development (34) . Thus, the development of Tfh cells is regulated by the balance of these two molecules.
Whereas Tfh cells are considered to help the selection and differentiation of B cells in GCs, the identity of CD4 + T cells interacting with B cells outside GCs remains largely unknown.
Studies with Murphy Roths Large (MRL)/FAS
lpr lupus-prone mouse models showed the presence of extrafollicular CD4 + T cells that display a similar phenotype as Tfh cells, such as upregulation of Bcl6 and IL-21 and down-regulation of P-selectin glycoprotein ligand 1 (35, 36) . Whereas these studies show that extrafollicular helper cells share properties with Tfh cells under certain conditions in mice, it is unknown whether this finding holds true in humans.
Here, we identified a previously undefined BCL6-expressing CD4 + T-cell subset in human tonsils. This subset was identified by the expression of IL-7 receptor (IL-7R) and low levels of CXCR5 and ICOS (CXCR5 lo ICOS lo ), and it was exclusively localized outside GCs. CXCR5 lo ICOS lo CD4 + T cells secreted large amounts of IL-21 and IL-10 and efficiently helped naïve and memory B cells. However, they lacked the capacity to help GC-B cells and induced the apoptosis of GC-B cells through the FAS/FAS-ligand (FAS-L) interaction. Thus, this tonsillar CD4+ T-cell subset is specialized to help B cells outside GCs.
Results

CXCR5
lo ICOS lo CD4
+ T Cells Are Localized Outside GC. Previous studies showed that human tonsillar Tfh cells in GCs coexpress ICOS and CXCR5 at high densities (14) . In our study, we obtained pediatric tonsil samples (from children ages 3-12 y), which contained 34.8 ± 0.9% of CXCR5 hi ICOS hi GC-Tfh cells among tonsillar CD4 + T cells ( Fig. 1 A and 
CD4
+ T cells by confocal microscopy. As shown in Fig. 2 B (Fig. S1A) . The tonsillar Th populations were carefully isolated by gating out cells expressing CD20, CD8, and CD56 during the sort. This strategy was particularly important for the isolation of CXCR5 compared with other tonsillar Th populations (14, 24, 41) . Consistently, CXCR5 hi ICOS hi GC-Tfh cells (blue symbols) efficiently promoted GC-B cells to produce Igs (Fig. 3A) (IgM, 1.3 ± 0.4 μg/ mL; IgG, 1.0 ± 0.2 μg/mL; IgA, 0.3 ± 0.1 μg/mL; mean ± SEM, n = 11 (Fig. 3A) . Indeed, only CXCR5 hi ICOS hi GC-Tfh cells were able to maintain the survival of GC-B cells during the 8-d coculture (Fig. 3 D and E) , some of which expressed surface Igs (Fig. 3D Right) . Notably, whereas GC-Tfh cells are prone to apoptosis because of expression of FAS (11, 14, 42) , GC-B cells were able to maintain the survival of CXCR5 hi ICOS hi GC-Tfh cells and induce their proliferation (Fig. 3F ) (142 ± 14 × 10 3 cells/ well, mean ± SEM, n = 5; 7.1 ± 0.7-fold increase from the input). Thus, GC-Tfh and GC-B cells reciprocally help each other.
In contrast, upon coculture with naïve B cells, CXCR5 lo I-COS lo CD4 + T cells were the most efficient at inducing naïve B cells to produce IgM (Fig. 3B ) (33.0 ± 4.9 μg/mL, mean ± SEM, n = 4) as well as IgG and IgA (IgG, 1.1 ± 0.2 μg/mL; IgA, 0.8 ± 0.2 μg/mL). This finding was not due to a contamination of CD27 + antigen-experienced subepithelial B cells (43) Tfh cells secrete IL-4, IL-10, and IL-21, each of which differentially regulates B-cell proliferation, differentiation, and class switching (9, 10) . Thus, we analyzed whether the cytokine production profiles of these tonsillar Th populations explain their differential effects on B-cell subsets. Upon coculture with naïve B cells, CXCR5 lo ICOS lo CD4 + T cells (Fig. 4A , red symbols in IL-21 plot) secreted the largest amounts of IL-21 (3.3 ± 0.4 ng/ mL, mean ± SEM, n = 6). This finding held true when tonsillar Th populations were cultured with GC-B cells (Fig. 4B , IL-21 plot) (1.8 ± 0.4 ng/mL, n = 5), or stimulated through CD3/CD28 (Fig. S2A ) (6.1 ± 0.6 ng/mL, n = 3). CXCR5
hi ICOS hi GC-Tfh cells also secreted IL-21 but at substantially lower amounts (Fig.  4 A and B and Fig. S2A ) (culture with naïve B cells: 0.5 ± 0.2 ng/ mL, n = 6; culture with GC-B cells: 0.4 ± 0.2 ng/mL, n = 5; CD3/ CD28 stimulation: 0.7 ± 0.1 ng/mL, n = 3). The largest amounts of IL-10 were also detected in the cultures of CXCR5 lo ICOS lo CD4 + T cells with B cells (Fig. 4 A and B) (with naïve B cells: 1.1 ± 0.2 ng/mL, n = 6; with GC-B cells: 1.4 ± 0.4 ng/mL, n = 5) as well as upon CD3/CD28 stimulation (Fig. S2A) . In contrast, consistent with previous studies (14, 25, 44) (Fig. 4 A and B) (with naïve B cells: 0.2 ± 0.0 ng/mL and 0.2 ± 0.0 ng/mL, respectively, n = 6; with GC-B cells: 0.4 ± 0.2 ng/mL and 0.2 ± 0.0 ng/mL, respectively, n = 5) but secreted the largest amounts of IL-17A (with naïve B cells: 4.1 ± 1.3 ng/mL; with GC-B cells: 4.3 ± 1.6 ng/mL).
Secretion of the largest amounts of IL-21 by CXCR5
lo ICOS lo CD4 + T cells was somewhat unexpected, because a number of previous studies showed that GC-Tfh cells expressed the highest levels of IL-21 among CD4 + T-cell subsets (14, 24, 25, 32, 38) . These conclusions were based on the analysis of IL21 transcript by mRNA microarray or RT-PCR (14, 25, 38) or on the analysis of intracytoplasmic IL-21 expression after phorbol 12-myristate 13-acetate (PMA) and ionomycin stimulation (32, 38) . Consistently, when isolated, CXCR5 hi ICOS hi GC-Tfh cells expressed the most abundant IL21 transcript among tonsillar CD4 + T-cell subsets (Fig. 4D, day 0) and the highest level of intracytoplasmic IL-21 on 6-h stimulation with PMA and ionomycin (Fig. S2B) . The discrepancy between these observations and the secretion of IL-21 ( Fig. 4 A and B ) might reflect differences in the kinetics of IL21 expression upon activation. Therefore, we analyzed IL21 expression by real-time RT-PCR at different time points after CD3/CD28 mAbs stimulation. Whereas IL21 was expressed at high levels by isolated CXCR5 hi ICOS hi GC-Tfh cells upon isolation (day 0), CXCR5 hi ICOS hi GC-Tfh cells rapidly lost IL21 expression after CD3/CD28 stimulation (Fig. 4D, day 1 (Fig. 5A) . Second, the role of ICOS was tested by blocking the ICOS/ICOS-ligand (ICOS-L) interaction with an ICOS-blocking mAb. Inhibition of the ICOS/ICOS-L interaction completely abrogated Ig production by both naïve B and GC-B cells (Fig. 5B) as well as cytokine secretion by CD4 + T cells (Fig.  5C ). Third, blocking IL-10 by using a combination of blocking mAbs (i.e., anti-IL-10 and anti-IL-10 receptor) resulted in a partial inhibition of Ig production in the cultures of CXCR5 (Fig. S4) . Blocking CD40L also resulted in a partial inhibition of Ig production (Fig. S5 ). At variance with blocking the ICOS/ICOS-L interaction, blocking the CD40/CD40L interaction did not inhibit the cytokine secretion from CD4 + T cells (Fig. 5C) (Fig. 3F) , the lack of help from GC-B cells did not seem to be because of total consumption of nutrients in cultures. (Fig. 3E) , we hypothesized that these T cells might induce the apoptosis of GC-B cells, which express high amounts of FAS (45) (46) (47) (Fig. 6A) able to maintain the survival of GC-B cells (Fig. S7) and induce them to produce Igs (Fig. 6D) (Fig. 8A) .
Thus, the frequency of CXCR5 lo ICOS lo CD4 + T cells is different among human secondary lymphoid organs, and the CXCR5 lo ICOS lo CD4 + T-cell population was not clearly identified in spleen.
Discussion
Our study characterizes a previously undefined BCL6-expressing human tonsillar CD4 + T-cell subset, which can be identified as CXCR5 hi Tfh cells (38) . The discrepancy between that study and our study lies in the difference in cell isolation strategies. Our study also separated the CXCR5 when cultured with GC-B cells than with naïve B cells (Fig. 3 F  and I) (P < 0.05, n = 3, paired t test) . Equivalent concentrations of cytokines were detected when CXCR5
hi ICOS hi GC-Tfh cells were cultured with either GC-B or naïve B cells (Fig. 4 A and B) , suggesting that the better survival of GC-Tfh cells does not depend on cytokines derived from GC-Tfh cells but rather, on intrinsic factors of GC-B cells that remain to be determined.
We found that CXCR5 lo ICOS lo CD4 + T cells were far more efficient than GC-Tfh cells at inducing naïve B cells to proliferate and differentiate into Ig-producing cells. The difference between the two Th populations in the ability to help naïve B cells was at least partly explained by the differences in the secretion of cytokines, particularly IL-21. Our study shows that the two Th populations display intrinsically distinct cytokine production properties. Upon activation, GC-Tfh cells secreted substantially higher levels of CXCL13 protein and maintained higher levels of CXCL13 transcript expression than CXCR5 + T cells interact with antigenpresenting DCs. This observation supports our previous proposal that a particular type of DC subset is specialized for the development of Tfh cells (50) . In humans, IL-12 secreted by DCs seems to be a major cytokine in the development of IL-21-producing Tfh-like cells (51, 52 Phenotype Analysis. The phenotypes of tonsillar Th and B-cell subsets were analyzed with the antibodies anti-PD1 PE (J116; eBioscience), CD57 PE (NK-1; SouthernBiotech), CD45RO PE-Cy5 (UCHL1; eBioscience), CD127 PE (hIL-7R-M21; BD), and CD95 Pacific blue (DX2; eBioscience) after gating to each population, which was described above. For the analysis of Bcl6 protein expression, isolated tonsillar Th cells were stained with anti-Bcl6 AlexaFluor 647 (K112-91; BD) after cell permeabilization.
Immunohistochemistry and Immunofluorescence. Tonsils were placed in TissueTek OCT (Sakura), frozen in liquid nitrogen, and stored at −80°C. For immunohistochemistry, 6-μm cryostat sections were fixed in acetone and airdried. After treatment with FcReceptor Block and CytoQ Background Buster (Innovex Biosciences) for 20 min each, slides were incubated for 40 min at room temperature with the primary antibody against CD127 (eBioRDR5, purified; eBioscience) diluted in Cyto Q Immuno Diluent. The Stat-Q Peroxidase Staining System with AEC (Innovex Biosciences) was used according to the manufacturer's protocol. Sections were counterstained with Aqua Hematoxylin (Innovex Biosciences), rinsed in tap water, and prepared on coverslips using Advantage Mounting media from Innovex. Slides images were acquired using a Nikon DXM1200C digital camera and an Olympus BX60 microscope with Plan4×/0.13 objective. For immunofluorescence, the following antibodies were used: anti-CD4 (RPA-T4, purified; BD) conjugated with Molecular Probes Alexa 568 monoclonal antibody kit, anti-CD127 Alexa647 (eBioRDR5; eBioscience), and anti-CD45RO FITC (UCHL1; eBioscience). Anti-FITC Alexa 488 goat IgG fraction (Molecular Probes) was used as a secondary to enhance the FITC signal. Sections were blocked with both FcReceptor Block and Background Buster, and then, they were incubated for 1 h in the antibodies diluted in CytoQ immunodiluent, rinsed, and incubated in anti-FITC. DAPI (Molecular Probes) was used to stain the nuclei. Slides were mounted with Fluoromount-G (Southern Biotech). They were observed using Metamorph software version 6.2 (Universal Imaging Corporation), a Roper coolsnap HQ camera, and an Olympus BCXCR51 microscope with Plan10×/0.40 objective. Slides were also observed under a Leica SP5 confocal microscope with a 40×/1.25 Planapo objective. 
